UNCLASSIFIED 


Defense  Technical  Information  Center 
Compilation  Part  Notice 

ADPO 11344 

TITLE:  Spatial  Long-Range  Modulation  of  Contrast  Discrimination 
DISTRIBUTION:  Approved  for  public  release,  distribution  unlimited 


This  paper  is  part  of  the  following  report: 

TITLE:  Input/Output  and  Imaging  Technologies  II.  Taipei,  Taiwan,  26-27 
luly  2000 

To  order  the  complete  compilation  report,  use:  ADA398459 

The  component  part  is  provided  here  to  allow  users  access  to  individually  authored  sections 
of  proceedings,  annals,  symposia,  etc.  However,  the  component  should  be  considered  within 
the  context  of  the  overall  compilation  report  and  not  as  a stand-alone  technical  report. 

The  following  component  part  numbers  comprise  the  compilation  report: 

ADP01 1333  thru  ADP01 1362 


UNCLASSIFIED 


Spatial  long-range  modulation  of  contrast  discrimination 


Chien-Chung  Chen8*  & Christopher  W.  Tylerb 

8 Ophthalmology  Department,  University  of  British  Columbia,  Vancouver,  British  Columbia,  Canada 
b Smith-Kettlewell  Eye  Research  Institute,  San  Francisco,  California,  USA 


ABSTRACT 

Contrast  discrimination  is  an  important  type  of  information  for  establishing  image  quality  metrics  based  on  human  vision.  We 
used  a dual-masking  paradigm  to  study  how  contrast  discrimination  can  be  influenced  by  the  presence  of  adjacent  stimuli.  In 
a dual  masking  paradigm,  the  observer’s  task  is  to  detect  a target  superimposed  on  a pedestal  in  the  presence  of  flankers.  The 
flankers  (1)  reduce  the  target  threshold  at  zero  pedestal  contrast;  (2)  reduce  the  size  of  pedestal  facilitation  at  low  pedestal 
contrasts;  and  (3)  shift  the  TvC  (Target  threshold  vs.  pedestal  contrast)  function  horizontally  to  the  left  on  a log-log  plot  at 
high  pedestal  contrasts.  The  horizontal  shift  at  high  pedestal  contrasts  suggests  that  the  flanker  effect  is  a multiplicative  factor 
that  cannot  be  explained  by  previous  models  of  contrast  discrimination.  We  extended  a divisive  inhibition  model  of  contrast 
discrimination  by  implementing  the  flanker  effect  as  a multiplicative  sensitivity  modulation  factor  that  account  for  the  data 
well. 

Keywords:  image  quality  assessment,  human  vision,  dual  masking,  divisive  inhibition 


1.  Introduction 

1.1  Contrast  discrimination  and  the  divisive  inhibition  models 

A good  image  quality  metrics  should  assess  the  quality  of  an  image  in  a way  that  is  consistent  with  human  visual  experience. 
Thus,  much  effort  has  been  expended  in  incorporating  human  visual  psychophysics  data  or  models  based  on  the  human  visual 
system  into  image  quality  metrics5,19,22,22,24.  The  most  relevant  human  psychophysical  data  for  image  quality  assessment  are 
contrast  discrimination  thresholds.  In  a typical  contrast  discrimination  experiment,  the  task  of  an  observer  is  to  detect  a 
periodic  pattern  (target)  superimposed  on  another  periodic  pattern  (pedestal)  with  the  same  spatiotemporal  properties  except 
contrast.  The  contrast  discrimination  threshold,  or  target  threshold,  is  defined  as  the  target  contrast  that  allows  the  observer  to 
tell  the  difference  between  pedestal-alone  and  pedestal-plus-target  with  certain  percentage  of  correctness. 

A typical  result  of  contrast  discrimination  experiments  is  the  "dipper"  shaped  target  contrast  vs.  pedestal  contrast  (TvC) 
function6,7,10,16,25.  That  is,  as  pedestal  contrast  increases,  the  target  contrast  threshold  first  decreases  (facilitation)  and  then 
increases  (masking)  as  shown  in  figure  la.  The  TvC  function  reflects  the  contrast  response  characteristics  in  the  visual 
system.  As  shown  in  Figure  1,  in  order  to  be  detected,  the  target  has  to  have  enough  contrast  to  increase  the  response  to  the 
pedestal  alone  by  a certain  amount,  defined  as  one  unit.  Suppose  that  the  response  function  is  accelerating  near  a pedestal 
contrast  (e.g.,  C\  in  Figure  1),  it  would  require  less  target  contrast  (ACi)  than  the  unmasked  threshold  (Qo,  the  threshold 
measured  without  the  pedestal)  to  increase  the  response  by  one  unit.  On  the  other  hand,  when  the  response  function  is 
decelerating  near  a pedestal  contrast  (e.g.,  C2  in  Figure  1),  it  would  take  greater  target  contrast  (ACj)  to  increase  the  response 
by  the  same  amount.  Thus,  the  target  threshold  at  a pedestal  contrast  is  inversely  proportional  to  the  slope  of  the  response 
function  at  that  pedestal  contrast. 

Currently,  the  most  popular  model  of  contrast  response  functions  is  the  divisive  inhibition  model, also  called  the  contrast 
normalization  model1’3’4,6,8,16’17’19’23.  Different  variations  of  this  model  have  been  used  in  several  image  quality  metrics.  All  the 
variations  of  the  divisive  inhibition  models  share  the  following  common  features: 
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(a)  Target  threshold  vs.  pedestal  contrast 


(TvC)  function 


Contrast 


(b)  Mechanism  contrast  response  function 


Contrast 


Figure  1.  The  relationship  between  the  target  threshold  vs.  pedestal  contrast  (TvC)  function  (left  panel)  and  the  contrast 
response  function  (right  panel).  CtO  is  the  target  absolute  (unmasked)  threshold.  ACj  and  AC2  are  target  thresholds 
measured  with  the  presence  of  pedestal  contrast  Ci  and  C2  respectively.  At  threshold,  the  target  increases  the  response  to 
pedestal  alone  by  one  unit.  As  a result,  the  target  threshold  is  inversely  proportion  to  the  slope  of  the  response  function. 


(1)  Linear  filters.  The  input  images  are  processed  by  a band  of  linear  filters  defined  by  wavelet  functions 
such  as  Gabor  or  difference-of-Gaussian.  Those  linear  filters  have  a limited  spatial  extent  and  are 
localized  in  both  space  and  the  Fourier  domain.  The  output  of  each  linear  filter  can  be  simplified  as  the 
contrast  of  the  Fourier  component  to  which  it  is  tunedweighted  by  a constant4. 

(2)  Divisive  inhibition.  Each  linear  filter  is  followed  by  a nonlinear  response  operator.  Each  nonlinear 
operator  takes  two  inputs:  i)  the  excitatory  input  fed  directly  from  the  corresponding  linear  filters  and  ii) 
the  divisive  inhibitory  input  which  is  pooled  from  the  outputs  of  all  relevant  linear  filters  (normalization 
pools).  The  response  of  each  nonlinear  operator  is  the  excitatory  input  raised  by  a power  and  then 
divided  by  the  divisive  inhibitory  input  plus  a constant. 

(3)  Decision.  In  a two -alternative  forced-choice  contrast  discrimination  experiment,  the  observer  compares 
the  nonlinear  operator  responses  to  the  pedestal-alone  and  to  the  pedestal-plus -target.  The  decision  is 
based  on  the  operator  that  shows  the  greatest  difference  between  the  responses.  The  target  is  at  threshold 
when  the  difference  reaches  a criterion. 


1.2  Flanker  effect 

Notice  that  the  divisive  inhibition  models  are  based  on  localized  mechanisms.  These  models  were  designed  to  account  for 
the  contrast  discrimination  experiments  where  only  the  targets  and  the  pedestals  were  presented  and  they  did  not  take  the 
spatial  context  of  the  stimuli  into  account.  However,  recent  studies  have  shown  that  spatial  context  does  affect  human  visual 
behavior.  For  instance,  Polat  & Sagi14,15  measured  detection  thresholds  for  a target  Gabor  pattern  at  the  fovea  flanked  by  two 
other  high  contrast  Gabor  patterns  (flankers).  The  target  threshold  decreased  up  to  about  50%  of  the  absolute  threshold 
(facilitation)  when  a pair  of  collinear  flankers  (where  the  flanker  had  the  same  orientation  as  the  target)  presented  at  about 
three  units  of  target  wavelength  away.  Conversely,  flankers  with  an  orientation  that  was  orthogonal  to  the  target  had  no 
effect  on  target  detection.  This  control  result  establishes  that  the  effects  of  the  flankers  are  not  generic  attention  or 
uncertainty  effects  but  are  local  or  long-range  interactions  specific  to  the  receptive  field  and  orientation  selectivity. 
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Current  divisive  inhibition  models  can  deal  with  the  flanker  effect  in  two  ways:  (1)  Increase  the  size  of  the  linear  filters  such 
that  the  target  and  the  flankers  can  be  covered  by  the  same  filter.  Thus,  the  presence  of  flankers  can  produce  a response  in  the 
target  mechanism  and  in  turn  affect  the  target  threshold18.  (2)  Increase  the  extent  of  the  contrast  normalization  pools17.  Thus, 
the  presence  of  flankers  just  adds  an  extra  term  in  the  contrast  normalization  signal.  In  either  way,  the  effect  of  the  flanker  is 
an  additive  term  to  the  effect  of  the  target  as  proposed  both  by  Snowden  & Hammet17  and  Solomon  et  al.18.  However,  as  we 
will  show  in  this  study,  the  flanker  effect  is  not  additive  but  multiplicative.  Our  experiment  shows  that  the  current  divisive 
inhibition  models  cannot  account  for  contrast  discrimination  thresholds  in  the  presence  of  flankers. 


1.3  Dual  Masking  Paradigm 

Consider  a dual  masking  experiment  in  which  the  task  of 
the  observer  is  to  detect  a target  pattern  superimposed  on 
a pedestal  (first  masker)  and  in  the  presence  of  flankers 
(second  masker).  When  the  pedestal  and  the  target  have 
the  same  spatial  temporal  properties  except  contrast,  this 
dual  making  experiment  is  equivalent  to  a contrast 
discrimination  experiment  conducted  in  the  presence  of 
flankers.  Thus,  if  we  systematically  measure  the  target 
contrast  on  various  pedestal  contrasts,  we  can  obtain  a 
contrast  discrimination  TvC  function  under  the  influence 
of  flankers. 

Figure  2 shows  the  prediction  of  current  divisive 
inhibition  model  to  the  flanker  effect.  The  solid  curve  is 
the  contrast  discrimination  TvC  function  measured 
without  the  presence  of  flankers.  When  the  flankers  are 
presented,  according  to  the  divisive  inhibition  models, 
their  effects  are  added  to  that  of  the  pedestal.  Suppose 
that  the  flanker  contrast  is  a constant  through  the 
experiment.  The  flanker  effect  should  also  be  a constant. 

On  the  other  hand,  the  effect  of  pedestal  increases  with  its 
contrast.  Thus,  comparing  to  the  pedestal  effect,  the 
flanker  effect  should  be  less  and  less  salient  as  the 
pedestal  contrast  increases.  Therefore,  the  divisive 
inhibition  model  should  predict  that  the  TvC  functions 
with  the  presence  of  the  flankers  should  converge  to  the 
TvC  functions  without  the  flankers  as  pedestal  contrast 
increases.  A detailed  discussion  of  the  divisive  inhibition 
model  predictions  can  found  in  Snowden  & Hammet 17  in  a slightly  different  context.  The  dashed  curve  in  Figure  2 illustrates 
such  prediction.  The  experiment  report  below  will  show  this  prediction  fails  to  capture  the  characteristics  of  the  data. 


Pedestal  contrast  (log  unit) 

Figure  2.  The  divisive  inhibition  model  prediction  on  flanker 
effects.  The  solid  curve  is  the  TvC  function  measured 
without  the  presence  of  flankers  and  dotted  curve  is  that 
measured  with  the  presence  of  flankers.  The  divisive 
inhibition  model  predicts  that  the  two  TvC  functions  are 
getting  closer  to  each  other  as  pedestal  contrast  increases. 


2.  Methods 


2.1  Apparatus 

The  stimuli  were  presented  on  two  SONY  CPD-1425  monitors  each  driven  by  a Radius  PrecisionColor  graphic  board.  A 
Macintosh  Quadra  Pro  computer  controlled  the  graphic  boards.  The  resolution  of  the  monitor  was  640  horizontal  by  480 
vertical  pixels.  At  the  viewing  distance  we  used  (128  cm),  there  were  60  pixels  per  degree.  The  viewing  field  was  then  10.7° 
(H)  by  8°  (V).  The  refresh  rate  of  the  monitor  was  60  Hz.  We  used  the  LightMouse  photometer  (Tyler,  1997)  to  measure  the 
input-output  intensity  function  of  the  monitor.  This  information  allowed  us  to  compute  linear  lookup  table  settings.  The  mean 
luminance  of  the  monitor  was  set  at  35  cd/m2. 

2.2  Stimuli 

The  target,  the  pedestal  and  the  flankers  were  all  vertical  Gabor  patches  defined  by  the  equation 
G(x,y)  = BG  + BG  * C *cos(  27ckx)  * exp(-x2/2a2)  * exp(-(y-uy)2/2a2) 
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where  BG  was  the  mean  luminance,  C,  ranged  from  0 to  1,  was  the  contrast  of  the  pattern,  k was  the  spatial  frequency,  a was 
the  scale  parameter  (standard  deviation)  of  the  Gaussian  envelope  and  uy  was  the  displacement  of  the  pattern.  All  patterns  had 
a spatial  frequency  (k)  of  4 cycles  per  degree  and  a scale  parameter  (a)  0. 1768°.  The  target  and  the  pedestal  were  centered  at 
the  fixation  point,  therefore  the  displacement  uy  was  zero.  The  two  flankers  were  placed  at  the  top  and  below  the  target.  The 
displacement  was  0.75  °.  The  stimuli  were  presented  concurrently.  The  temporal  waveform  of  the  stimulus  was  a pulse  with 
duration  of  100  msec.  The  contrast  of  the  patterns  is  presented  in  decibels  (dB),  which  is  20  times  log  base  10  of  the  linear 
contrast. 

2.3  Procedures 

We  used  a temporal  two-alternative  forced-choice  paradigm  to  measure  the  target  threshold.  In  each  trial,  the  pedestal  and 
the  flankers  were  presented  at  both  intervals.  The  target  was  randomly  presented  in  either  one  of  the  intervals.  The  task  of 
the  observer  was  to  determine  which  interval  contains  the  target.  We  used  the  Psi  adaptive  threshold  seeking  algorithm9  to 
measure  the  threshold.  The  experimental  control  software  was  written  in  MATLAB12  using  the  Psychophysics  Toolbox2, 
which  provides  high  level  access  to  the  C-language  VideoToolbox13. 

The  target  contrast  threshold  was  measured  upon  several  pedestal  contrasts  ranged  from  -34dB  (2%)  to  -6  dB  (50%).  On 
each  trial,  the  two  flankers  always  had  the  same  contrast.  The  contrast  of  the  flanker  was  either  50%  (-6dB)  or  0%.  Each 
target  threshold  was  measured  at  least  four  times  for  each  observer.  The  thresholds  reported  here  are  average  of  those 
repeated  measurements. 

Two  observers  served  in  this  study.  CCC  (male,  early  30s)  is  an  author  of  this  paper.  MDL  (female,  late  20)  is  a paid 
observer  naive  to  the  purpose  of  the  experiment.  MDL  has  a normal  and  CCC  has  a corrected-to-normal  visual  acuity 
(20/20). 


3.  Results 


Figure  3 shows  the  result  from  one  of 
the  observer.  The  smooth  curves  are 
fits  of  the  sensitivity  modulation 
models  discussed  below.  The  closed 
circles  and  solid  curves  show  the 
TvC  function  measured  without  the 
presence  of  the  flankers.  When  the 
flanker  is  absent,  the  TvC  function 
shows  the  typical  "dipper"  shape 
commonly  seen  in  the  spatial 
contrast  discrimination 

literature6,7,10,16,25.  That  is,  the  target 
threshold  first  decreases  and  then 
increases  with  pedestal  contrast.  The 
greatest  threshold  decrement  occurs 
when  the  pedestal  contrast  is  at  about 
its  own  detection  threshold.  A 
particularly  robust  facilitation  effect 
of  -9  db  is  seen  in  this  example. 

The  open  circles  and  dashed  curve 
show  the  TvC  function  measured  in 
the  presence  of  ~6dB  (50%).  The 
flankers  have  three  major  effects  on 
TvC  functions.  First,  when  there  was 
no  pedestal  (denoted  as  -oo  dB 
contrast  pedestal  in  Figure  3),  the 
flankers  reduced  the  target  threshold. 


Figure  3.  Flanker  effect  on  TvC  functions  for  observer  MDL.  The  closed  curves 
and  solid  curve  denote  the  TvC  functions  measured  with  no  flanker  presented. 
The  open  circles  and  the  dotted  curve  denote  the  TvC  function  measured  with  the 
presence  of  -6  dB  or  50%  contrast  flankers. 
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This  is  the  lateral  masking  effect  reported  by  Polat  & Sagi14,15.  Second,  as  the  pedestal  contrast  increased,  the  target 
threshold  did  not  show  as  much  decrement  as  in  the  case  of  no  flankers.  There  was  little,  if  any,  low  pedestal  contrast  dip 
when  the  flankers  were  presented.  Third,  at  high  pedestal  contrasts,  the  flankers  increased  the  threshold  at  every  pedestal 
contrast  evenly.  This  effect  can  be  viewed  as  shifting  the  TvC  function  horizontally  to  left.  The  two  TvC  functions  are 
parallel  to  each  other  up  to  the  highest  pedestal  contrast  available  from  our  apparatus.  There  is  no  sign  of  merging  between 
the  TvC  functions  measured  with  and  without  flankers  presenting.  The  data  of  different  observers  are  consistent  with  this 
result.  Thus,  the  data  reject  the  divisive  inhibition  models,  which  predict  the  two  TvC  functions  should  merge  together  at  high 
pedestal  contrast  (see  sectionl.3  and  Figure  2).  For  data  shown  in  Figure  3,  the  divisive  inhibition  models  can  underestimate 
the  target  by  about  6dB  or  2-fold  linear  contrast  unit. 


4.  Modeling 


4.1  The  sensitivity  modulation  model 

In  Figure  3,  the  data  are  plotted  in  log-log  coordinates.  The  flankers  shift  the  TvC  functions  horizontally  on  these  coordinate, 
suggesting  that  the  flanker  effect  is  multiplicative.  Based  on  this  idea,  we  propose  a sensitivity  modulation  model  to  account 
for  the  flanker  effect. 


Figure  4 shows  a diagram  of  this  model. 
Our  model  does  share  the  same  linear  filter 
assumption  as  most  models  of  contrast 
discrimination.  That  is,  the  visual  system 
contains  a band  of  localized  linear  filters 
each  responds  to  a Fourier  component  of 
input  images.  Each  filter  has  a limit  extent 
in  the  space  domain  and  bandwidth  in 
Fourier  domain.  The  output  of  each  linear 
filter  (called  excitation,  denoted  as  E in 
Figure  4)  is  the  contrast  of  the  input  image 
weighted  by  a number.  The  weight  is 
called  the  sensitivity  of  the  filter  to  the 
image  and  is  determined  by  the  cross- 
correlation of  the  spatial  profile  of  the 
filter  and  the  image.  A nonlinear  response 
operator  follows  each  linear  filter.  For  a 
reason  that  will  be  obvious  shortly,  this 
direct  link  between  the  linear  filter  and 
nonlinear  operator  is  called  the  excitatory 
input  to  the  nonlinear  operator.  In  addition 
to  the  excitatory  input,  the  response  of  the 
nonlinear  operator  is  also  influenced  by  the 
other  linear  filters  with  a receptive  field 
covering  the  same  spatial  location  but 
tuned  to  different  Fourier  components  of 
the  input  image  (inside  the  dotted  box  in 
Figure  4).  A pooling  process  combines  the 
excitations  of  all  relevant  linear  filters 
together  to  form  the  divisive  inhibition 
signal,  denoted  I in  Figure  4. 
Mathematically,  the  pooling  is  done  by 
summing  the  excitations  of  relevant  filters 
raised  by  a power  q.  When  the  flanker  is 
not  presented,  the  response  of  the 
nonlinear  operator  is  simply  the  excitation 
from  the  excitatory  input  (E)  raised  by  a 
power  p and  then  divided  by  the  divisive 
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Figure  4.  A diagram  of  the  sensitivity  modulation  model.  Inside  the  dotted 
box,  all  linear  filters  respond  to  image  components  presented  at  the  same 
location.  There  behavior  is  described  by  the  divisive  inhibition  models.  The 
initial  excitation  (E)  of  a linear  filter  is  the  contrast  of  the  target  pattern 
weighted  by  the  filter’s  sensitivity  to  that  pattern.  The  initial  excitations  of 
all  relevant  filters  are  pooled  together  to  form  the  divisive  inhibitory  signal 
(I).  The  final  response  is  the  initial  excitation  raised  by  a power  and  then 
divided  by  the  normalization  signal  plus  a constant.  The  flanking  filters 
send  signals  that  change  the  sensitivities  of  the  contacted  filters.  See  text 
for  further  details. 
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inhibitory  input  (I)  plus  an  additive  constant.  That  is. 


R = 


Ep 
1 + g 


(1) 


where  a is  an  additive  constant.  This  same-location  operation  is  the  same  as  that  proposed  by  the  divisive  inhibition  model. 

In  contrast  to  the  divisive  inhibition  model,  the  flanking  linear  filters,  however,  do  not  contribute  anything  to  the  pooling  of 
the  divisive  inhibitory  signal.  Instead,  their  effect  is  to  change  the  sensitivities  of  the  linear  filters  located  in  the  same  space  as 
the  target  as  well  as  the  mechanism  that  pools  the  divisive  inhibitory  signals.  That  is,  when  the  flanker  is  presented,  the 
excitation  of  the  same-location  linear  filters  is  the  no-flanker  excitation  multiplied  by  a factor.  After  an  algebric  operation,  the 
response  of  the  target  mechanism  can  written  as 


R = 


ke  *EP 
kj  *I  + a 


(2) 


where  ke  and  k(  are  multiplicative  constants  dependent  on  the  flanker  contrast.  When  the  flanker  is  not  presented,  ke=k=l.  In 
the  presence  of  (-6dB)  50%  contrast  flanker,  ke  and  k{  are  empirically  determined  as  1.52-2.63  and  1.92-4.09  respectively. 
The  fits  of  the  model  are  shown  as  smooth  curves  in  Figure  3.  The  model  captures  all  aspects  of  the  flanker  effects.  The 
RMSE  of  the  model  is  between  0.98-1.1 1,  on  a par  with  the  standard  error  of  measurement  (0.92-1.06). 

4.2  Modulation  factors 

How  can  the  two  factors  lq.  and  k,  explain  the  flanker  effects?  When  the  pedestal  contrast  is  low,  the  linear  filter  excitation 
(E)  is  dominated  by  the  target  contrast.  At  threshold,  the  divisive  inhibitory  input  to  the  nonlinear  operator  (. /)  is  negligible 
comparing  to  the  additive  constant  a.  The  response  function  with  flankers  presented  can  be  simplified  a s R = ke  * Ep  /a. 
Thus,  a ke  larger  than  1 will  boost  the  response  and  make  the  target  easier  to  detected.  This  explains  the  lateral  masking  effect 
found  by  Polat  & Sagi  and  the  initial  facilitation  at  lower  end  of  the  TvC  functions. 

As  pedestal  contrast  increases,  the  divisive  inhibitory  inputs  (I)  begin  to  catch  up.  Since  kt  is  larger  than  ke,  the  flankers  have 
a greater  effect  in  the  denominator  of  the  response  function  than  in  the  numerator.  Therefore,  the  facilitation  effect  observed 
ay  low  contrasts  should  decreases  with  the  pedestal  contrast.  At  medium  contrasts,  where  the  TvC  function  measured  without 
the  flanker  presented  shows  a dip,  the  flankers  produce  less  threshold  reduction  than  at  lower  contrasts.  Compared  to  the 
initial  facilitation,  the  presence  of  the  flankers  has  the  effect  of  reducing,  if  not  eliminating,  the  dip  at  medium  contrasts.  As 
pedestal  contrast  further  increases,  the  flanker  effect  on  the  denominator  of  the  response  function  eventually  outweighs  its 
effect  on  the  numerator.  The  presence  of  the  flanker  is  then  increasing  the  target  threshold  rather  than  decreasing  it.  Finally, 
when  the  pedestal  contrast  is  sufficiently  high,  the  additive  constant  o is  negligible  comparing  to  the  inhibitory  input  I.  Thus, 
we  can  simplify  equation  (1)  as  ( EF/I)  and  equation  (2)  as  ( k/kj)*(Ep/I ).  That  is,  the  response  function  with  the  flankers 
presented  is  a constant  times  the  response  function  without  flankers.  Translating  the  responses  to  thresholds,  it  gives  the 
horizontal  shift  of  TvC  functions  we  observed  on  a log-log  coordinate. 

5.  Conclusion 


We  found  that  the  presence  of  flankers  has  the  following  effects  on  TvC  functions.  First,  when  there  is  no  pedestal,  the 
flankers  reduce  the  target  threshold.  Second,  the  magnitude  of  the  dip  at  low  to  medium  pedestal  contrast  is  greatly  reduced. 
Third,  at  high  pedestal  contrasts,  the  flankers  shift  the  TvC  function  horizontally  to  left  on  a log-log  coordinates.  The  two 
TvC  functions  are  parallel  to  each  other  up  to  the  highest  pedestal  contrasts  available.  Current  divisive  inhibition  models 
cannot  account  for  these  effects.  At  some  points,  the  discrepancy  between  the  model  and  the  data  can  be  as  large  as  6dB  or 
2-fold.  This  discrepancy  may  affect  the  accuracy  of  an  image  quality  metric.  We  refined  the  divisive  inhibition  models  and 
propose  a lateral  sensitivity  modulation  model.  This  model  takes  the  flanker  effect  as  a multiplicative  sensitivity  modulator 
and  captures  all  aspects  of  the  flanker  effect  observed  in  our  experiment. 
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